Abstract: Knowledge of the sequence of different conformational states of a protein molecule is key to better understanding its biological function. A diffraction pattern from a single conformational state can be captured with an ultrafast X-ray Free-Electron Laser (XFEL) before the target is completely annihilated by the radiation. In this paper, we report the first experimental demonstration of conformation sequence recovery using diffraction patterns from randomly ordered conformations of a non-periodic object using the dimensional reduction technique Isomap and coherent diffraction imaging. 
Introduction
A diffraction pattern from a non-periodic object such as a large macromolecule or a virus may be captured by an ultrafast X-ray Free-Electron Laser (XFEL) before the target is completely annihilated by the radiation. This so called "Diffraction-before-destruction" technique [1, 2] requires coherent X-ray pulses with higher peak brilliance than modern synchrotron sources can produce. Extremely brief pulses of femtosecond duration are required in order to outrun the radiation damage processes that occur within a few tens of femtoseconds, depending on the spatial resolution [3, 4] . Femtosecond diffractive imaging from a non-periodic object was first demonstrated using a soft X-ray Free-Electron Laser (XFEL) in 2006 [2] . The emergence of hard XFELs has enabled structural studies of nano-structured single particles [5] [6] [7] and microcrystals [8, 9] . Recently, a pump-probe experiment at LCLS showed it may be possible to probe the conformational states of the structure of Photosystem II microcrystals [10] at particular times after exposure to an optical pulse.
Here we utilize Isomap, a manifold embedding algorithm, to recover the motion sequence of an object from a series of diffraction patterns in random unknown order. This matches the case of single particle experiments in which individual particles are delivered to the x-ray beam one at a time. Conformation recovery is an active area of research in other singleparticle imaging techniques [11, 12] .
Manifold-embedding algorithms have been shown to be effective at recovering structure and conformational states from simulated diffraction patterns [13, 14] and have been used to sort diffraction patterns of viruses and nanoparticles recorded at LCLS [15] . In this paper, we report the experimental demonstration of conformation sequence recovery using diffraction patterns from random instances of single micro-fabricated objects illuminated by soft X-ray FEL pulses. The basic approach is to use dimensional reduction to capture the underlying parameter of change (i.e., the motion sequence) of the particle using Isomap [16] . As this is the first attempt at such a recovery using femtosecond FEL pulses, it seems fitting to reconstruct the sequence of the first motion picture in history, the "horse in motion" by Eadweard Muybridge. The series of frames used for the experiment, shown in in Fig. 1 , is based on the original Muybridge series. 
Experimental setup
Measurements were carried out at the coherent diffraction imaging (CDI) experimental station at the DiProI beamline at FERMI@Elettra FEL. Compared to SASE FELs, the seeded FERMI FEL X-ray pulses have much higher spectral purity and stability, an asset for singleshot experiments [17] . The experimental station can host all necessary components and diagnostics for beam cleaning, reproducible sample alignment and detection systems for collecting diffraction patterns from fixed or injected samples in a single shot or an integrative non-destructive mode. The FEL beam, focused with a Kirkpatrick-Baez (K-B) mirror system, enters the chamber through a circular aperture. The number of pulses the sample is exposed to is controlled by a fast shutter. The beamline is equipped with a gas cell and Al filters which can be used to attenuate the FEL pulse intensity in a controllable manner by up to four orders of magnitude. A detailed description of the beamline and the measurement station can be found in ref [18] . The present study was carried out at a wavelength of 32.5 nm with a pulse energy of ~30 μJ. The flux in the 25 × 25 μm 2 focal spot onto the sample was 8.6 × 10 21 ph/μm 2 . Diffraction patterns were collected using a detection system in an indirect configuration where the scattered light is reflected onto a CCD (Princeton Instrument MTE2048B) by a multilayer mirror with a central hole to allow the passage of the undiffracted beam. For each exposure all relevant parameters (intensity, spectrum of the incoming radiation and diffraction pattern) are acquired in synchronized mode.
Frames from the animated "horse in motion" [19] were first converted to binary images, retaining information only from the horse and rider, and intermediate frames were added manually using an image manipulation program to produce a periodic 30 frame sequence of a galloping horse (Fig. 1) . These images were then deposited in Platinum onto 100 μm × 100 μm, 30 nm thick Si 3 N 4 windows on a Si wafer by Focused Ion Beam (FIB) ( Fig. 2(a) ). Pt was deposited via a gas injection system (C 5 H 4 CH 3 Pt(CH 3 ) 3 ) with the electron beam at 43 pA at 5 keV. The horse dimensions were approximately 5 × 7 μm 2 and 20 nm thickness (Pt content of approximately 16%). Some membranes were contaminated by an unknown substance which also diffracted strongly such that holographic images of the horse can sometimes be seen in the Patterson function (autocorrelation) of the diffracted intensities ( Fig. 2(b) ) [20] . The windows were placed into the beam focus in random frame order. Diffraction patterns were collected using 100-femtosecond pulses at full FEL transmission (Fig. 3) . The wavelength spectrum is also displayed in Fig. 3 which shows that the pulses are monochromatic with varying intensities. The extremes of the wavelength spectrum are shown in Figs. 3(b) and 3(c). The intensity variation between diffraction patterns is primarily due to the change in incident intensity from the FEL and also the positioning of the sample relative to the centre of the Si 3 N 4 window. Diffraction-before-destruction imaging is demonstrated in Fig. 4 . Top panels (a) and (b) show the measured single-shot diffraction pattern and the averaged reconstructed horse. We used 6000 iterations of the Hybrid Input-Output (HIO) algorithm [21] followed by 100 iterations of the Error Reduction (ER) algorithm starting with a loose rectangular support and applying the shrinkwrap algorithm [22] every 100 iterations. Reconstructions were carried out with the CXS software suite [23] . Reconstruction resolution is estimated by the phase retrieval transfer function (PRTF) [24] defined as
where Γ is the diffraction amplitude with retrieved phases and denotes an ensemble average over independent reconstructions. Using 21 out of 25 converged reconstructions, the PRTF is calculated using 0.1 subpixel alignment and the resulting maximum exchange momentum at cutoff 1/e is 3.3 μm −1 or estimated half period resolution of 0.15 μm (see Fig.  4(c) ). The single-shot image in Fig. 4(d) collected with a second FEL pulse confirms that the horse has been annihilated, i.e. the sample is destroyed with the first FEL pulse. 
Dimensional reduction using Isomap
Isomap [16] is a dimension reduction technique used to discover underlying non-linear degrees of freedom in a high-dimensional topological data set while preserving its connectivity. In classical linear dimension reduction techniques such as principal component analysis (PCA) and multidimensional scaling (MDS) [25] , one finds a low dimensional embedding that best preserves the variance of the data set or the pair-wise distances, respectively. Isomap is an extension of MDS where geodesic distances (as opposed to pairwise Euclidean distances) are preserved on a weighted graph. The use of geodesic distances is based on the observation that a Euclidean distance is only a good measure of local similarity and is unreliable for a pair of data points that are far apart on a curved manifold. The algorithm has a single input parameter, k-nearest-neighbours (KNN), which is used for building up the weighted graph G. The similarity metric that determines the weight w between two nodes i and j is data dependent and chosen to be positive (w ij > 0) and symmetric (w ji = w ij ). Isomap estimates the geodesic distances between all data points by calculating the shortest path distances on the weighted graph G, then applies MDS to the graph distances which best preserves the geodesic distances in a low dimensional space. 
Results
To ensure that we have at least one good pattern for each motion we measured a total of around 110 snapshots (approximately 4 copies of each conformation). Highly saturated diffraction patterns were more difficult to preprocess and consequently weak diffraction patterns were selected for conformation sequence recovery. In order to apply the Isomap algorithm to recover the correct frame sequence, the 30 raw diffraction patterns (2048 × 2048 pixels) were randomly ordered then preprocessed using the following protocol: 1) detector bias was removed by subtracting X-ray-free background frames, 2) regions of the detector with different responses were corrected using common mode subtraction, 3) high-anglediffraction regions with low signal were removed by cropping the central region to 450 × 450 pixels, corresponding to a q-cutoff of 2 μm −1 , 4) regions behind the beamstop, saturated pixels and orthogonal streaks from the sample windows masked, and 5) image variance was normalized using the formula ( )
, where Y is the masked diffraction pattern, μ and σ are the mean and standard deviation of Y, and X is the normalized pattern. The similarity metric was taken as the L 2 -norm, i.e.,
Geodesic distances using KNN = 2 were used for manifold embedding using Isomap. The experiment was also simulated under noiseless conditions in order to demonstrate an ideal embedding. The diffraction patterns were calculated by Fourier transform of the frames in Fig. 1 after zeropadding to match the size of the Si window (2048 × 2048 pixels). Highangle-diffraction regions were removed by cropping the central region to 450 × 450 pixels. The simulated diffraction patterns were then variance normalized.
In the case of simulated manifold embedding, the resulting 2D scatter plot of the first two eigenvectors ( ) 1 2 , ψ ψ reveals a circular manifold (Fig. 5) as expected from embedding a periodic motion. The conformation sequence can be retrieved by ordering the rotational angle of each frame about the origin, i.e.,
arctan ψ ψ . The colours from red to blue represent the actual frame numbers (from 1 to 30) which matches the ordering discovered by the manifold. The blue lines represent two nearest neighbour connections.
Embedding results from the experimental data are shown in Fig. 6 . Reconstructions are shown next to their corresponding data points and clearly correspond to the motion of the horse. Some errors are evident which deviate from the circular manifold. The experimental errors introduce noise in the L 2 -norm similarity metric which can disrupt the correct determination of nearest neighbours. It should be noted that the algorithm would perform better with a finer sampling of motion, since it is sensitive to relative changes between successive frames. The correct sequence on the manifold in Fig. 6 is clockwise, whereas anticlockwise in Fig. 5 . The arrow of time cannot be determined from the embedded coordinates alone and must be determined from observing the sequence of reconstructed frames on the manifold. The reconstructed movie can be seen in Fig. 6 (Media 1) with a 2 μm scale bar. The two frames that could not be phased after 25 independent attempts (marked as x in Fig. 6 ) are correctly placed on the manifold. Closer inspection shows that these diffraction patterns correspond to very weak intensities that did not scatter to high q, resulting in low single-to-noise ratio. This suggests that sequencing the frames requires less information than phase retrieval and the algorithm can work in the presence of experimental errors such as detector noise, beam intensity fluctuation and sample membrane contamination.
Conclusions
We have experimentally demonstrated the conformation sequence recovery of a non-periodic object from randomized single-shot diffraction patterns. A particularly novel feature of this algorithm is that the conformation sequence can be recovered in Fourier space without resorting to phase retrieval which can be time consuming and/or may not be possible for weakly scattering objects. The algorithm also works in cases where extended areas of the detector are missing or compromised, which is the case for many FEL detector geometries. This algorithm could be applied to single-molecule experiments using molecular alignment via optical lasers. Further theoretical and experimental developments will be needed to recover a set of conformations from randomly oriented biological samples.
